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Coal-derived products  a r e  extremely complex mixtures  of o r g a n i c  chemi- 
c a l s ,  t h e  major i ty  of which a r e  polycycl ic  aromatic  compounds (PAC). While 
t h e  polycycl ic  a romat ic  hydrocarbons ( P A H )  comprise t h e  l a r g e s t  chemical c l a s s  
f r a c t i o n  of most c o a l  products ,  there  a r e  s u b s t a n t i a l  amounts of n i t rogen- ,  
s u l f u r - ,  and oxygen-containing PAC. Af te r  f r a c t i o n a t i o n  of the  ni t rogen-  
conta in ing  PAC f r a c t i o n ,  i t  was found t h a t  t h e  amino p o l y c y c l i c  a r o m a t i c  
hydrocarbons ( A P A H ) ,  which a r e  present  i n  low c o n c e n t r a t i o n s  ( u s u a l l y  less 
t h a n  1 % ) ,  were r e s p o n s i b l e  f o r  t h e  major p a r t  of t h e  mutagenici ty  ( 1 - 4 ) .  The 
n i t rogen  he terocycles  were g e n e r a l l y  much less mutagenic than  t h e  A P A H .  This  
r e s u l t  has prompted t h e  i n v e s t i g a t i o n  of o t h e r  p o s s i b l e  t r a c e  cmponents  i n  
c o a l  products ,  p a r t i c u l a r l y  t h e  PAC t h a t  c o n t a i n  two heteroatoms,  t h a t  may be 
r e s p o n s i b l e  fo r  some of t h e  observed b i o l o g i c a l  a c t i v i t y .  

In t h i s  paper ,  t h e  a n a l y s i s  of a s o l v e n t - r e f i n e d  coa l  l i q u i d  and a coa l  
t a r  f o r  PAC which c o n t a i n  both n i t rogen  and s u l f u r  heteroatoms is descr ibed .  
C a p i l l a r y  column gas chromatography with s u l f u r - s e l e c t i v e  f lame photometr ic  
d e t e c t i o n  and mass spec t romet ry  were used t o  i d e n t i f y  s e v e r a l  new compounds 
which were prev ious ly  unrepor ted .  Pure r e f e r e n c e  compounds were a l s o  synthe- 
s i z e d  and  t e s t e d  f o r  g e n o t o x i c i t y .  

EXPERIMENTAL 

The s o l v e n t - r e f i n e d  coa l  heavy d i s t i l l a t e  (SRC I1 HD: 260-450°C b o i l i n g  
p o i n t  range)  was obta ined  from t h e  F o r t  L e w i s ,  Washington ,  p i l o t  p l a n t  
(opera ted  by t h e  P i t t s b u r g h  & Midway Coal Mining Co.) .  The coa l  t a r  was 
obta ined  from S.A. Wise (Nat iona l  Bureau of S tandards ,  Washington, D.C.) .  The 
f o u r  aminodibenzothiophene isomers and aza th iophenic  compounds used i n  t h i s  
s tudy  were not  commercially a v a i l a b l e  and ,  t h e r e f o r e ,  had t o  be synthes ized  i n  
our own l a b o r a t o r i e s .  The s y n t h e t i c  procedures  a r e  r e p o r t e d  e l sewhere  ( 5 , 6 ) .  

The SRC I1 HD m a t e r i a l  and coa l  t a r  were f r a c t i o n a t e d  i n t o  chemica l  
classes by a d s o r p t i o n  chromatography on n e u t r a l  alumina and s i l i c i c  a c i d  
according t o  t h e  procedure of Later  et. ( 7 ) .  The t h i r d  f r a c t i o n  (A-3) 
which was composed of t h e  n i t rogen-conta in ing  P A C ,  t h e  second s i l i c i c  ac id  
f r a c t i o n  (5-2) which was composed of t h e  A P A H ,  and t h e  t h i r d  s i l i c i c  ac id  
f r a c t i o n  (S-3) which was composed of t h e  t e r t i a r y  n i t rogen-conta in ing  PAC were 
analyzed i n  t h i s  s tudy .  Acid e x t r a c t i o n  with H2SO4, and d e r i v a t i z a t i o n  w i t h  
pentaf luoropropionic  anhydride (PFPA) were prev ious ly  descr ibed  ( 8 ) .  
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A Hewlett-Packard Model 5880 gas  chromatograph equipped with a s u l f u r -  
s e l e c t i v e  f lame photometr ic  d e t e c t o r  (FPD), and opera ted  i n  t h e  s p l i t l e s s  
i n j e c t i o n  mode was used t o  o b t a i n  chromatographic r e t e n t i o n  da ta .  Hydrogen 
was used a s  t h e  c a r r i e r  gas  a t  a l i n e a r  v e l o c i t y  of 100 em s-1. The c a p i l l a r y  
column used i n  t h i s  s t u d y  was prepared by c o a t i n g  a 20 m x 0.31 mm i . d .  l e n g t h  
of fused s i l i c a  tub ing  (Hewlett-Packard, Avondale, PA)  with a 25% biphenyl 
polymethyls i loxane s t a t i o n a r y  phase (0.25 u m  f i l m  t h i c k n e s s )  ( 9 ) .  A Hewlett- 
Packard Model 5982A GC-MS system was used t o  o b t a i n  mass s p e c t r a l  confirm- 
a t i o n  of i d e n t i f i e d  compounds. The same chromatographic column was used a s  
f o r  gas  chromatography, and t h e  mass spec t rometer  was opera ted  i n  t h e  e l e c t r o n  
impact  mode a t  70 eV e l e c t r o n  energy. The A m e s  mutagenici ty  assay  was 
performed a s  descr ibed  by Ames e t  a l .  (10)  with minor modi f ica t ions .  

RESULTS A N D  DISCUSSION 

The chromatogram of t h e  SRC I1 H D  A-3 f r a c t i o n  on  t h e  25% b i p h e n y l  
methylpolysi loxane s t a t i o n a r y  phase is  shown i n  F igure  1 .  Retent ion times 
were compared with t h e  newly synthes ized  s tandard  samples, and t h e  1 -  t o  
4-aminodibenzothiophenes and var ious  aza th iophenic  compounds were i d e n t i f i e d .  
Severa l  small  peaks (most l i k e l y  su l fur -conta in ing  secondary n i t rogen  hetero-  
cycles) were e l i m i n a t e d  a f t e r  a c i d  e x t r a c t i o n  of t h e  f r a c t i o n .  A modi f ica t ion  
of t h e  method d e s c r i b e d  by Later  et a l .  ( 1 1 )  was used t o  d i s t i n g u i s h  t h e  
s u l f u r / t e r t i a r y  n i t rogen-conta in ing  PAH and s u l f u r / a m i n o - c o n t a i n i n g  P A H .  
Comparison of t h e  chromatogram of the  PFP d e r i v a t i v e s  with F igure  1 showed 
t h a t  some of t h e  peaks s h i f t e d  i n  r e t e n t i o n  t i m e  a f t e r  d e r i v a t i z a t i o n .  
Retent ion times f o r  t h e  PFP amide d e r i v a t i v e s  decreased because t h e  polar  
amino groups were blocked by  t h e  PFP groups,  caus ing  l e s s  d i p o l e / i n d u c e d  
d i p o l e  i n t e r a c t i o n s  wi th  t h e  p o l a r i z a b l e  biphenyl  s t a t i o n a r y  phase. I d e n t i -  
f i c a t i o n  of t h e  f o u r  aminodi benzothiophene isomers was confirmed by comparing 
the  r e t e n t i o n  times of t h e  PFP-derivat ized s t a n d a r d s  with t h e  r e t e n t i o n  times 
of t h e  s h i f t e d  peaks i n  t h e  chromatogram of t h e  PFP-derivat ized A-3 f r a c t i o n .  
A chromatogram of t h e  S-2 APAH f r a c t i o n  of t h e  SRC I1 H D  showed only amino- 
dibenzothiophenes and a l k y l a t e d  aminodibenzothiophenes. 

The chromatogram of  t h e  c o a l  t a r  A-3 f r a c t i o n  on t h e  25% biphenyl 
methylpolysi loxane s t a t i o n a r y  phase is shown i n  F igure  2. Re ten t ion  times of 
compounds i n  both t h e  A-3 and S-3 f r a c t i o n s  were compared w i t h  t h e  re ference  
samples, and 3 i somers  of the  azabenzothiophenes and a l l  i s o m e r s  o f  t h e  
azadibenzothiophenes were i d e n t i f i e d .  I n  c o n t r a s t  t o  t h e  SRC I1 H D ,  aza th io-  
phenic compounds were major components and aminodibenzothiophenes were not  
found . 

Fur ther  conf i rmat ion  of peak i d e n t i t i e s  was obta ined  by GC-MS a n a l y s i s .  
Table  1 l ists t h e  r e l a t i v e  r e t e n t i o n  times of t h e  PAC conta in ing  both s u l f u r  
and n i t rogen  i d e n t i f i e d  i n  t h i s  s tudy and t h e  r e s u l t  of semi-quant i ta t ion  of 
s e v e r a l  of t h e s e  compounds i n  t h e  samples. 

Ter t ia ry  n i t r o g e n  h e t e r o c y c l e s  a r e  more thermal ly  s t a b l e  than amino- 
conta in ing  PAC, and w e  major n i t rogen-conta in ing  PAC i n  coal-der ived products  
( 1  2 ) .  Azathiophenic compounds were t e n t a t i v e l y  i d e n t i f i e d  i n  an anthracene 
O i l  and coa l  t a r  us ing  GC-MS by Burchi l l  e t  a 1 . ( 1 2 , 1 3 ) .  However, t h e  amino- 
dibenzothiophenes were t h e  major nitrogen/sulfur-containing h e t e r o c y c l e s  
i n  t h i s  Coal l i q u i d ,  whi le  t h e  aza th iophenic  compounds were t h e  major ones i n  
t h e  coa l  tar .  The d i f f e r e n c e  between t h e  two coal-der ived products  apparent ly  
r e l a t e s  t o  t h e  r e a c t i o n  c o n d i t i o n s .  I n  t h e  SRC I1 process ,  hydrogen was used 
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Figure 1. FPD chromatogram of the SRC I1 HD A-3 fraction on a 25% biphenyl 
polysiloxane stationary phase. Conditions: temperature program from 120°C 
to 265'C at 4°C min-I, after an initial 2-min isothermal period; hydrogen 
carrier gas at 100 cm s-1 .  

JL 
10 

Peak assignments are listed in Table 1. 
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Figure 2. FPD chromatogram of the coal tar A-3 fraction on a 25% biphenyl 
polysiloxane stationary phase. Conditions: temperature program from 70 "c 
to 120°C at 10°C min'l, then from 120°C to 265°C at 4 ° C  min-1, after an 
initial 2-min isothermal period; hydrogen carrier gas at 100 cm s-1 .  
Peak assignments are listed in Table 1. 
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Table 1. Relative retention times and semi-quantitation (selected examples) 
of PAC containing both sulfur and nitrogen in an SRC I1 heavy 
distillate coal liquid and a coal tar. 

Peak Compounda 
No. 

Relative Retention Concentrationc 
Timeb (ug/g) 

S R C  I1 HD Coal Tar 

1 4-azabenzothiophene 0.361 
3 
2 
4 
6 
7 
5 
a - 
9 

1 1  
12 
13 
10 
14 
15 
16 

17 
- 
- - 
18 
19 

6-azabenzothiophene 
7-azabenzothiophene 
1-azadibenzothiophene 
2-azadibenzothiophene 
3-azadibenzothiophene 
4-azadibenzothiophene 
azadi benzothiophene isomers 
l-azanaphtho[2,1-k]thiophene 
azaphenanthro[4,5-b,c,dlthiophene 

1-aminodibenzothiophene 
2-aminodibenzothiophene 
3-aminodibenzothiophene 
4-aminodibenzothiophene 
C1 aminodibenzothiophene 
C2 aminodibenzothiophene 
3-azaphenanthro[9,10-k]thiophene 
3-azaphenanthro[2,1-k]thiophene 
3-azaphenanthro[4,3-k]thiophene 
1-azaphenanthroC lt2-L]thiophene 
5-azabenzo[b_]naphtho[lt 2-glthiophene 
azabenzonaphthothiophene isomers 
C1 azabenzonaphthothiophene isomers 

isomers 

0.380 
0.361 
0.956 
1.05 
1.05 
1.04 

0.979 
- 

- 
1.47 
1 .52 
1.54 
1.43 - - 
1.74 

1.80 
1.78 

- d  
- d  - - 

0.32 
0.11 
2.5 
0.33 

0.18 

1.7 

acornpounds which are not numbered were not found in these coal-derived 

bRetention relative to naphto[2,3-k]thiophene. 
CApproximate concentration in ug/g in the crude SRC I1 heavy distillate 

dCompound did not elute under the chromatographic conditions used. 

products. 

and the coal tar. 

in the reaction, and metals contained in the recycle oil were utilized as 
catalysts (1  4). Therefore, aminodibenzothiophenes seem to be more abundant 
than azathiophenic compounds in the coal liquid because of hydrogenation 
in the process. On the other hand, sulfur/tertiary nitrogen-containing 
PAC were thought to be major components in the high-temperature treated coal 
tar Sa.InPle. Similarly, the easily desulfurized sulfur heterocycles such as 
naphtho[2,3-blthiophene, 4- and 5-ring sulfur heterocycles derived from 
naphtho[2,3-blthiophene were not found in SRC I1 sample, while these sulfur 
heterocycles were present in the same coal tar as reported elsewhere (15). 

The mutagenicities of all isomers of the aminodibenzothiophenes and the 

1 
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Table  2. Ames mutagenic i ty  of t h e  aminodibenzothiophenes and azadibenzo- 
th iophenes .  

Compound rev/& R2 

1-aminodibenzothiophene 
C -- 0% S9b 

4% S9d 2.36 0.96 

0% S9b 9.07 0.98 
4% s 9 e  1.94 x 104 0.97 

0% S9b 4.74 0.90 
4% S9f 3.43 x 103 0.97 

2- a m i  nodi benzo t h i  ophene 

3- ami nodi benzo t hiophene 

4-aminodi benzothiophene 
C 
C 

-- -- 0% S9b 
4% S9d 

4% s9g 

4% S9h 

4% S9h 

4% s9g 

1 -azadi  benzothiophene 

2-azadi benzothiophene 

3-azadi benzothiophene 

4-azadi benzothiophene 

C -- 

C -- 
C -- 
C -- 

aLinear response  r e g i o n  used t o  c a l c u l a t e  dose response  by 

bSolvent c o n t r o l  va lue  (0% S9):  2124 
CResponse < 2X s o l v e n t  c o n t r o l  v a l u e s  
dSolvent c o n t r o l  va lue  (4% S9):  3855 
eSolvent c o n t r o l  va lue  ( 4 %  S 9 ) :  2954 
fSolvent  c o n t r o l  va lue  ( 4 %  S9) :  3 1 ~ 4  
gSolvent  c o n t r o l  va lue  (4% S9):  3852 
hSolvent c o n t r o l  va lue  (4% S9): 4626 

l i n e a r  r e g r e s s i o n  c u r v e  f i t t i n g .  

azadibenzothiophenes a r e  l i s t e d  i n  Table  2. The 2- and 3-aminodibenzothio- 
phenes a r e  s t r o n g l y  mutagenic,  and t h e i r  average  mutagenic r e s p o n s e  was t e n  t o  
one hundred t imes g r e a t e r  than  t h e  average response  of benzo[a_]pyrene (200-300 
r e v e r t a n t s / p l a t e  a t  4 ug and 4% S9) ( 1 6 ) .  A l l  isomers of t h e  azadibenzo- 
thiophenes were i n a c t i v e .  A comparison of t h e  s t r u c t u r e s  of aminodibenzo- 
thiophenes t o  the  aminophenanthrenes r e v e a l s  a geometr ic  s i m i l a r i t y  between 
them. The 2-, 3-, and 9-aminophenanthrenes demonstrated t h e  h i g h e s t  muta- 
g e n i c i t y  of t h e  aminophenanthrene isomers ( 1  7 ) .  The 3 -aminophenan th rene  
isomer had t h e  s t r o n g e s t  mutagenic i ty  (30,300 r e v l u g  average  r e s p o n s e ) ,  and 
t h i s  s t r u c t u r e  is analogous t o  2-aminodibenzothiophene which  i s  t h e  most 
a c t i v e  of t h e  aminodibenzothiophene isomers .  
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